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j320
At a first device, receive a handshake signal
transmitted from a second device through multiple 309
propagation paths, the handshake signal including
a preamble and a training sequence, the training /
sequence including a sequence of symbols known
to the first and second devices.

v

Determine a synchronization index based on the
preamble.

l

Identify the training sequence in the handshake
signal based on the synchronization index.
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Determine a channel response signal based on
the received training sequence.
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Generate a signature waveform that is a time-
reversed signal of the channel response signal.
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Generate a transmission signal based on transmit
data and the signature waveform, the transmit
data being data configured to be transmitted to

the second device.
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At a first device, receiving a handshake signal
transmitted from a second device through multiple _/
propagation paths, the handshake signal including
a sequence of codes known to the first and
second devices.

Perform cross correlation operations on the 344
known sequence of codes and the received /
handshake signal to determine cross correlation
values.

346

Determine synchronization index based on the
cross-correlation values.

A\ 4
Determine a channel response signal based on /348

the synchronization index and the cross-
correlation values.

y

350
Generate a signature waveform thatis a time- |/
reversed signal of the channel response signal.

Y
Generate a transmission signal based on transmit jsz

data and the signature waveform, the transmit
data being data intended to be transmitted to the
second device.

FIG. 24



U.S. Patent Apr. 12,2016 Sheet 24 of 25 US 9,313,020 B2

5360

At a first device, receiving a signal transmitted 362
from a second device through multiple propagation /
paths, the received signal including a received
version of a sequence of codes and data, the
sequence of codes being known to both the first
and second devices.

A 4
Perform cross-correlation operations on a known 364
version of the sequence of codes and the received /
version of the sequence of codes to determine
cross-correlation values.

y 366

Determine a synchronization index based on the
cross-correlation values.

‘l' 368

Identify the data within the received signal based -/
on the synchronization index.
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;370
At a first device, receive a probe signal from a
second device, the probe signal including first
information and second information, the first 372
information enabling the first device to determine a _/
first synchronization index to identify the second
information within the probe signal, the second
information enabling the first device to determine a
multipath channel response.

A4

374
Generate a signature waveform based on a time- |

reversed signal of the multipath channel response.

A 4
At the first device, apply the signature waveform to 376
third information and fourth information to generate —/
a transmit signal, and transmitting the transmit
signal to the second device through multiple
propagation paths

\ 4

At the second device, receive the transmit signal, 378
determining a second synchronization index based _/
on the third information, and identifying the fourth
information within the received transmit signal
based on the second synchronization index

FIG. 26
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HANDSHAKING PROTOCOL FOR
TIME-REVERSAL SYSTEM

TECHNICAL FIELD

This disclosure generally relates to handshaking protocols
for time-reversal wireless systems.

BACKGROUND

Atime-reversal division multiple access (TRDMA) system
provides a cost-effective single-carrier technology for broad-
band communications and at the same time leverages the
degrees of freedom in a large number of multi-paths to form
a unique high-resolution spatial focusing effect. In some
time-reversal communication systems, when a transceiver A
intends to transmit information to a transceiver B, transceiver
B first sends a delta-like pilot pulse that propagates through a
scattering and multi-path environment, and the signals are
received by transceiver A. Transceiver A transmits time-re-
versed signals back through the same channel to transceiver
B. Based on channel reciprocity, a time-reversal communica-
tion system leverages the multi-path channel as a matched
filter, i.e., treats the environment as a facilitating matched
filter computing machine, and focuses the wave at the
receiver in both space and time domains.

SUMMARY

In general, in one aspect, a method for time-reversal wire-
less communication includes: at a first device, receiving a
handshake signal transmitted from a second device through
multiple propagation paths, the handshake signal including a
preamble and a training sequence, the training sequence
including a sequence of symbols known to the first and sec-
ond devices; determining a synchronization index based on
the preamble; identifying the training sequence in the hand-
shake signal based on the synchronization index; determining
a channel response signal based on the received training
sequence; generating a signature waveform that is a time-
reversed signal of the channel response signal; and generating
atransmission signal based on transmit data and the signature
waveform, the transmit data being data configured to be trans-
mitted to the second device.

Implementations of the method may include one or more of
the following features. The handshake signal can include a
first predetermined code.

The first predetermined code can include a barker code.

The handshake signal can include a second predetermined
code that has an index for selecting the training sequence
from among a list of training sequences.

The preamble can include pulse signals.

Determining a channel response signal can include deter-
mining a channel response signal based on a conversion
matrix and the training sequence.

The conversion matrix can be constructed based on the
training sequence sent by the second device.

Determining a channel response signal can include deter-
mining a channel response signal based on a least square
method.

The method can include applying time windows to the
received training sequence and determining an estimated
channel response based on averaging the samples in the time
windows.

The method can include applying time windows to the
received preamble to determine the synchronization index.
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The training sequence can include a first guard band, fol-
lowed by an effective training sequence, which is followed by
a second guard band.

Generating a signature waveform can include generating a
signature waveform that is a time-reversed conjugate signal
of the channel response signal.

Determining a channel response can include calculating

CR=Cq u, in which CR represents an estimated channel
response, Cq represents a conversion matrix, and u represents
aportion of the received handshake signal that is estimated to
be the received training sequence.

The conversion matrix Cq can be determined by calculat-
ing Cq=(T'T)~'T", in which T is a Toeplitz matrix generated
based on s, which represents an effective training sequence
sent by the second device.

In general, in another aspect, a method for time-reversal
wireless communication includes: at a first device, receiving
a handshake signal transmitted from a second device through
multiple propagation paths, the handshake signal including a
sequence of codes known to the first and second devices;
performing cross correlation operations on the known
sequence of codes and the received handshake signal to deter-
mine cross correlation values; determining synchronization
index based on the cross correlation values; determining a
channel response signal based on the synchronization index
and the cross correlation values; generating a signature wave-
form that is a time-reversed signal of the channel response
signal; and generating a transmission signal based on transmit
data and the signature waveform, the transmit data being data
intended to be transmitted to the second device.

Implementations of the method may include one or more of
the following features. Each cross correlation operation can
include calculating a cross correlation of the sequence of
codes and a shifted version of the received handshake signal.

The method can include determining a maximum of the
cross correlation values.

The method can include determining the synchronization
index of the received handshake signal such that the cross-
correlation of the known sequence of codes and the received
handshake signal shifted according to one or more indices is
greater than the maximum of the cross-correlation values
multiplied by a predetermined coefficient, the coefficient
being smaller than 1, and selecting a first one of the one or
more indices as the synchronization index.

Determining a channel response can include determining a
channel response based on a subset of the cross-correlation
values and the synchronization index.

Generating a signature waveform can include generating a
signature waveform that is a time-reversed conjugate signal
of the channel response.

Performing cross correlation operations can include calcu-
lating ryx(n):ZizoN x(1)y(i+n), inwhichr,, (n) represents a cor-
relation value, x(i) represents the known sequence of codes,
and y(i+n) represents the received handshake signal shifted
by n samples, n is an integer, and N is an integer representing
a length of the known sequence of codes.

In general, in another aspect, a method for time-reversal
wireless communication includes: at a first device, receiving
a signal transmitted from a second device through multiple
propagation paths, the received signal including a received
version of a sequence of codes and data, the sequence of codes
being known to both the first and second devices; performing
cross-correlation operations on a known version of the
sequence of codes and the received version of the sequence of
codes to determine cross-correlation values; determining a
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synchronization index based on the cross-correlation values;
and identifying the data within the received signal based on
the synchronization index.

Implementations of the method may include one or more of
the following features.

The sequence of codes and the data can be generated at the
second device by applying a signature waveform to the
sequence of codes and the sequence of data, the signature
waveform being generated based on a time-reversed signal of
a channel response signal.

Determining a synchronization index can include deter-
mining a maximum of the cross-correlation values, and deter-
mining the synchronization index based on the maximum of
the cross-correlation values.

The method can include sending a probing signal from the
first device to the second device through multiple propagation
paths, the probing signal being configured to be used by the
second device for determining a signature waveform that is a
time-reversed signal of a channel response of the probing
signal.

In general, in another aspect, a method of wireless com-
munication between devices includes: at a first device, receiv-
ing a probe signal from a second device, the probe signal
including first information and second information, the first
information enabling the first device to determine a first syn-
chronization index to identify the second information within
the probe signal, the second information enabling the first
device to determine a multipath channel response; generating
a signature waveform based on a time-reversed signal of the
multipath channel response; at the first device, applying the
signature waveform to third information and fourth informa-
tion to generate a transmit signal, and transmitting the trans-
mit signal to the second device through multiple propagation
paths; and at the second device, receiving the transmit signal,
determining a second synchronization index based on the
third information, and identifying the fourth information
within the received transmit signal based on the second syn-
chronization index.

In general, in another aspect, a method of wireless com-
munication, the method comprising: at a base station, receiv-
ing a first probe signal from a first device, generating a first
signature waveform based on the first probe signal, the first
probe signal comprising synchronization information to
enable the base station to determine a synchronization index
for the first probe signal; receiving a second probe signal from
a second device, generating a second signature waveform
based on the second probe signal, the second probe signal
comprising synchronization information to enable the base
station to determine a synchronization index for the second
probe signal; applying the first signature waveform to a first
code and first data to generate first transmit data, the first data
being intended for the first device, the first code configured to
enable the first device to determine a synchronization index
for data transmitted from the base station and intended for the
first device; applying the second signature waveform to a
second code and second data to generate second transmit
data, the second data being intended for the second device, the
second code configured to enable the second device to deter-
mine a synchronization index for data transmitted from the
base station and intended for the second device; combining
the first transmit data and the second transmit data to generate
combined transmit data; and transmitting the combined trans-
mit data to the first and second devices, the combined transmit
data being sent to the first device through first multiple propa-
gation paths, the combined transmit data being sent to the
second device through second multiple propagation paths.
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In general, in another aspect, a system for time-reversal
wireless communication includes a first device that has an
input circuit and a data processor. The input circuit is config-
ured to receive a handshake signal transmitted wirelessly
from a second device through multiple propagation paths, the
handshake signal including a preamble and a training
sequence, the training sequence including a sequence of sym-
bols known to the first and second devices. The data processor
is configured to determine a synchronization index based on
the preamble; identify the training sequence in the handshake
signal based on the synchronization index; determine a chan-
nel response signal based on the received training sequence;
generate a signature waveform that is a time-reversed signal
of the channel response signal; and generate a transmission
signal based on transmit data and the signature waveform, the
transmit data being data configured to be transmitted to the
second device.

In general, in another aspect, a system for time-reversal
wireless communication includes a first device that has an
input circuit and a data processor. The input circuit is config-
ured to receive a handshake signal transmitted from a second
device through multiple propagation paths, the handshake
signal including a sequence of codes known to the first and
second devices. The data processor is configured to perform
cross correlation operations on the known sequence of codes
and the received handshake signal to determine cross corre-
lation values; determine synchronization index based on the
cross correlation values; determine a channel response signal
based on the synchronization index and the cross correlation
values; generate a signature waveform that is a time-reversed
signal of the channel response signal; and generate a trans-
mission signal based on transmit data and the signature wave-
form, the transmit data being data intended to be transmitted
to the second device.

In general, in another aspect, a system for time-reversal
wireless communication includes a first device that has an
input circuit and a data processor. The input circuit is config-
ured to receive a signal transmitted from a second device
through multiple propagation paths, the received signal
including a received version of a sequence of codes and data,
the sequence of codes being known to both the first and
second devices. The data processor is configured to perform
cross correlation operations on a known version of the
sequence of codes and the received version of the sequence of
codes to determine cross correlation values; determine a syn-
chronization index based on the cross correlation values; and
identify the data within the received signal based on the
synchronization index.

In general, in another aspect, a system for time-reversal
wireless communication includes a first device and a second
device. The first device includes an input circuit configured to
receive a probe signal from the second device, the probe
signal including first information and second information, the
first information enabling the first device to determine a first
synchronization index to identify the second information
within the probe signal, the second information enabling the
first device to determine a multipath channel response. The
first device further includes a data processor configured to
generate a signature waveform based on a time-reversed sig-
nal of the multipath channel response; apply the signature
waveform to third information and fourth information to gen-
erate a transmit signal, and transmit the transmit signal to the
second device through multiple propagation paths. The sec-
ond device includes an input circuit configured to receive the
transmit signal; and a data processor configured to determine
a second synchronization index based on the third informa-
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tion; and identify the fourth information within the received
transmit signal based on the second synchronization index.

In general, in another aspect, a system for time-reversal
wireless communication includes a base station that has an
input module and a data processor. The input module is con-
figured to receive a first probe signal from a first device, and
to receive a second probe signal from a second device. The
data processor is configured to generate a first signature
waveform based on the first probe signal, the first probe signal
comprising synchronization information to enable the base
station to determine a synchronization index for the first
probe signal; generate a second signature waveform based on
the second probe signal, the second probe signal comprising
synchronization information to enable the base station to
determine a synchronization index for the second probe sig-
nal; apply the first signature waveform to a first code and first
data to generate first transmit data, the first data being
intended for the first device, the first code configured to
enable the first device to determine a synchronization index
for data transmitted from the base station and intended for the
first device; apply the second signature waveform to a second
code and second data to generate second transmit data, the
second data being intended for the second device, the second
code configured to enable the second device to determine a
synchronization index for data transmitted from the base
station and intended for the second device; and combine the
first transmit data and the second transmit data to generate
combined transmit data. The base station further includes an
output module configured to transmit the combined transmit
data to the first and second devices, the combined transmit
data being sent to the first device through first multiple propa-
gation paths, the combined transmit data being sent to the
second device through second multiple propagation paths.

The details of one or more implementations of time-rever-
sal wireless communication systems are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a diagram showing an exemplary environment for
operating a time-reversal system.

FIG. 2A is a graph of an exemplary recorded channel
impulse response waveform.

FIG. 2B is a graph of an exemplary time-reversed wave-
form generated by reversing the waveform of FIG. 2A with
respect to time.

FIG. 3 is a diagram showing an exemplary environment for
operating a time-reversal system having multiple receivers.

FIG. 4 is a diagram of an exemplary multi-user time rever-
sal communication system.

FIG. 5 is a diagram of various phases of time-reversal
wireless communication.

FIG. 6 is a diagram of a time-reversal wireless communi-
cation system during channel probing phase.

FIG. 7 is a diagram of a frame structure of a channel
probing signal.

FIG. 8 is a diagram of pulse position modulation symbols.

FIG. 9 is a diagram of a frame structure of a training
sequence.

FIG. 10 is a diagram showing an energy detection synchro-
nization process.

FIG. 11 is a diagram showing indices in a received signal.

FIG. 12 shows a Toeplitz matrix.

FIG. 13 is a histogram of synchronization mismatch.

FIG. 14 is a graph of an autocorrelation function.
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FIG. 15 is a diagram of a frame structure of a time reversal
packet.

FIG. 16 is a diagram of a data transmission phase.

FIGS. 17-19 show graphs of estimated channel responses.

FIG. 20 show graphs of real and imaginary parts of actual
and estimated channel responses.

FIG. 21 is a graph showing bit error rate (BER) perfor-
mances.

FIG. 22 is a graph showing a histogram of mismatch for
synchronization.

FIGS. 23-26 are flow diagrams of processes for time-re-
versal wireless communication.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

This disclosure describes a novel handshaking method for
a time-reversal wireless communication system that provides
accurate timing synchronization between a transmitter and a
receiver.

In this description, depending on context, the term “user”
may refer to a device. For example, in a system that has
multiple devices communicating with a base station, the term
“multi-user uplink” refers to the uplink by multiple devices,
and the term “inter-user interference” refers to the interfer-
ence among various devices.

The time-reversal division multiple access technology has
a wide variety of applications. For example, an intelligent
house may include one or more computers that communicate
wirelessly with several sensors (e.g., temperature, humidity,
light, and motion sensors), meters (e.g., electricity and water
meters), appliances (e.g., refrigerator, oven, washing
machine), electronic devices (e.g., television, digital video
recorder, audio/video system, telephone, digital photo album,
intelligent lamp, security system), climate control systems
(e.g., fans, thermostats for air conditioning and heating,
motorized shades), power generators (e.g., backyard wind
turbine, solar panel, geothermal energy system).

A home lighting system may include a controller that con-
trols intelligent light bulbs (e.g., bulbs that use light emitting
diodes (LED) or laser technology) to adjust color and/or
brightness of the bulbs. The controller may communicate
with the intelligent bulbs using time-reversal wireless com-
munication. The communication module at the light bulb
using time-reversal technology can be made at a lower cost
compared to, e.g., a communication module using Wi-Fi or
Bluetooth technology. Thermostat controllers, smoke detec-
tors, security systems, and phone systems may communicate
with one another using time-reversal communication tech-
nology. For example, a smoke/carbon monoxide detector that
detects smoke or carbon monoxide may communicate with
the thermostat to shut off the boiler, communicate with a
home security system that notifies the fire department, or
communicate with a phone system that sends an alert text or
voice message or e-mail to the home owner. The smoke detec-
tor may have motion sensors that can detect the presence of
people, and may announce voice messages in case of emer-
gency. For example, if a home has smoke detectors installed
at several locations, a first smoke detector that detects smoke
in the first floor kitchen may communicate with a second
smoke detector located on the third floor bedroom where a
home owner is sleeping to cause the second smoke detector to
broadcast an announcement alerting the home owner that
smoke is detected in the first floor kitchen.

A home or office may have multiple devices that have
clocks. The devices may communicate with a controller that
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provides an accurate time signal so that all the devices in the
home or office can be synchronized. The controller can pro-
vide the time signals to the various devices using time-rever-
sal wireless communication.

Plant care (e.g., in a greenhouse, home, or office building)
may be partially automated by use of sensors that sense soil
conditions and provide information to indicate whether
watering or fertilization is needed, the amount of water and
fertilizer required, and the type of fertilizer needed. For
example, a plant care module may be inserted into the soil or
planting medium adjacent to each plant, in which the plant
care module may have a storage that stores information about
the plant, such as the type of plant, the level of moisture that
should be maintained, and how often and what type of fertil-
izers need to be applied, the date and time in which water or
fertilizer was applied, and the type and amount of fertilizer
applied. The plant care module may have sensors that sense
the soil conditions and a communication module to commu-
nicate with an automated plant care system, such as a robot
that can provide water and fertilizers based on the information
sent from the plant care module. The plant care module can
communicate with a lighting system that controls the amount
oflight provided to the plant and a temperature control system
that controls the temperature in the vicinity of the plant. For
example, the communication module can use time-reversal
wireless communication technology that requires little
power, and the plant care modules can be powered by solar
cells to eliminate the need to change batteries.

Vehicles may have time-reversal wireless communication
modules that communicate with various sensors, beacons, or
data processing modules in garages, driveways, or buildings.
For example, garages may be retrofitted with sensors and
beacons to assist vehicles (e.g., autonomous vehicles) to find
and park into parking spaces. Robots may have time-reversal
wireless communication modules that communicate with
various sensors, beacons, or data processing modules in
homes or office buildings to assist in navigation or to provide
information about the environmental conditions or other
information (e.g., tasks that need to be performed at particular
locations). As discussed below, time-reversal wireless com-
munication has an asymmetrical nature in which the base
station performs most of the signal processing as both a
transmitter (for the downlink) and receiver (for the uplink),
allowing the use of low complexity terminal devices. Thus, a
large number of terminal devices (e.g., sensors) can be
deployed at a low cost. Because the terminal devices require
little power, they can be powered by solar cells or piezoelec-
tric components to eliminate the need to recharge batteries, or
be power by batteries that last for a long lifetime.

In an assembly plant, critical components may have
embedded processors that store and process data and com-
municate with one or more external controllers using time-
reversal wireless communication technology to ensure that
the critical components function properly, and have been
properly processed in previous stages before moving to the
next stage. For example, an engine of a vehicle can have an
embedded module having a data processor and storage that
stores information about all the tests that have been per-
formed in previous stages before being assembled with the
car chassis. An airplane may be assembled from components
manufactured by companies in different countries. Each com-
ponent can have an embedded module that has a data proces-
sor and storage that stores information about the component,
such as characteristics of the components and results of tests
that have been performed on the component. The embedded
modules may communicate with one or more external con-
trollers using time-reversal wireless communication technol-

10

15

20

25

30

35

40

45

50

55

60

65

8

ogy. Use of such embedded modules can increase the quality
of the final products by ensuring that each component has
been properly processed and tested.

In some examples, a controller may communicate with
multiple sensors or devices using time-reversal wireless com-
munication, and communicate with other devices using other
communication protocols. For example, a controller may
communicate with intelligent light bulbs, temperature sen-
sors, and power meters using time-reversal wireless commu-
nication, and communicate with a smart phone using Wi-Fi
communication. The controller serves as a bridge between
devices that use low cost time-reversal communication mod-
ules and devices (e.g., smart phones or network routers) that
follow Wi-Fi or Bluetooth communication protocols.

For example, an intelligent factory may include one or
more computers that communicate wirelessly with robots
working in assembly lines, vehicles that move supplies and
assembled products, climate control systems, security sys-
tems, inventory control systems, and power systems. For
example, a laboratory may include one or more computers
that communicate wirelessly with instruments that monitor
parameters when conducting experiments.

In the examples above, the computer (or controller) can
communicate with the devices using time-reversal division
multiple access technology that uses the environment to pro-
vide spatial filtering, allowing a large number of devices to
communicate with the computers simultaneously. Compared
to using previous wireless communication technologies, such
as Wi-Fi or Bluetooth, time-reversal division multiple access
has the advantage that the additional cost for enabling each
device to communicate with the computer (or controller) is
small because the device itself does not need to perform
complicated signal processing. Most of the signal processing
is performed at the computer (or controller). The power con-
sumption by each device for enabling wireless communica-
tion is also much smaller compared to previous wireless
technologies.

For example, a swarm of robots and/or unmanned aerial
vehicles (drones) can communicate wirelessly with each
other using time-reversal division multiple access technol-
ogy. For example, some of the robots and/or drones can
function as controllers that perform more complicated signal
processing, while the other robots and/or drones function as
terminal devices that do not need to perform the complicated
signal processing, For rescue robots working in disaster situ-
ations, such as in partially collapsed buildings or under-
ground tunnels, multi-path interference may be especially
severe for conventional wireless technologies based on, e.g.,
Wi-Fi or Bluetooth. The multiple signal paths can be used
advantageously by time-reversal division multiple access
technology, in which the environment provides spatial filter-
ing. For small aerial drones that have small batteries or use
solar power, reducing the energy required for wireless com-
munication will allow the energy to be used elsewhere, such
as increasing the flight time of the drones.

For example, wearable devices can communicate wire-
lessly with each other and/or with a controller using time-
reversal division multiple access technology. For example,
wearable energy generating devices (such as piezoelectric
power generators) can be integrated into clothing and/or
shoes, and used to provide power to sensors that monitor body
parameters. For example, the sensors can be used to measure
respiratory patterns, heart beat patterns, walking/running pat-
terns, and/or sleeping patterns. The sensors can wirelessly
send measured data to a controller (e.g., smart phone or
computer) that processes the collected data. The processed
data can be presented in a user-friendly graphical interface.
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Because time-reversal division multiple access technology
requires very little power, the wearable sensors can be pow-
ered by the energy generated by the movements of the body
(e.g., using piezoelectric components). In some examples, the
wearable energy generating devices charge a rechargeable
battery, which in turn powers the sensors. In that case, use of
time-reversal division multiple access technology removes
the requirement to recharge the battery through external
power sources, or increases the time duration between
recharging. Because time-reversal division multiple access
technology requires less power than other communication
technologies such as Wi-Fi or Bluetooth, there may be less
side effects on the human body due to exposure to electro-
magnetic signals.

The time-reversal division multiple access scheme uses the
multi-path channel profile associated with each user’s loca-
tion as a location-specific signature for the user. Each path of
the multi-path channel is treated as a virtual antenna in the
time-reversal division multiple access system, which collec-
tively results in very high-resolution spatial focusing with
“pin-point” accuracy. The computer (or controller) may func-
tion as a base station or be coupled to a base station that
performs most of the signal processing when transmitting
signals to the devices and receiving signals sent from the
devices.

Because the signals are transmitted through multiple
propagation paths having various propagation lengths, a
transmitter and a receiver need to obtain information about
the overall system, e.g., information about the communica-
tion channel and information about time synchronization. In
some implementations, such information is obtained in a
channel probing (CP) phase and a data transmission (DT)
phase of a time-reversal communication system. In the chan-
nel probing phase, the transmitter acquires channel informa-
tion to realize the focusing effects, while in the data transmis-
sion phase, the receiver acquires timing information to
synchronize and sample relevant signals. The process of
obtaining channel information in the channel probing phase
and obtaining synchronization in the data transmission phase
is referred to as time-reversal handshaking. The following
describes several handshaking methods for obtaining neces-
sary channel and timing information for enabling time-rever-
sal communication systems.

Overview of Time-Reversal System

The following provides an overview of a time-reversal
system. Referring to FIG. 1, a time-reversal system can be
used in an environment having structures or objects that may
cause one or more reflections of wireless signals. For
example, a venue 102 may have a first room 104 and a second
room 106. When a first device 108 in the first room 104
transmits a signal to a second device 110 in the second room
106, the signal can propagate in several directions and reach
the second device 110 by traveling through several propaga-
tion paths, e.g., 112, 114, and 116. The signal traveling
through multiple propagation paths is referred to as a multi-
path signal. As the signal travel through the propagation
paths, the signal may become distorted and noise may be
added. The multipath signal received by the second device
110 can be quite different from the signal transmitted by the
first device 108.

For example, referring to FIG. 2A, when the first device
108 sends a pulse signal, the signal received by the second
device 110 may have a waveform 120. The waveform 120 is
referred to as the channel impulse response signal.

Referring to FIG. 2B, a time-reversed waveform 130 can be
generated by reversing the waveform 120 with respect to
time. If the second device 110 sends a signal having the
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waveform 130, the signal will propagation in various direc-
tions, including through propagation paths 112, 114, and 116
(in reverse direction relative to the propagation direction of
the impulse signal), and reach the first device 108. The mul-
tipath signal received at the first device 108 forms an impulse
signal that is similar to the impulse signal previously sent
from the first device 108 to the second device 110.

The waveforms 120 and 130 shown in FIGS. 2A and 2B are
merely examples. The waveforms in time-reversal systems
can vary depending on, e.g., the environment and the infor-
mation or data being transmitted.

When the second device 110 intends to transmit a data
stream to the first device 108, the second device 110 uses
normalized time-reversed conjugate signals as a basic wave-
form. The second device 110 loads the data stream on the
basic waveform, and transmits the signal through the wireless
channel. Usually the sampling rate is higher than the baud
rate. The signal received at the receiver is the convolution of
the transmitted signal and the channel impulse response, plus
additive white Gaussian noise. The first device 108 performs
a simple adjustment to the received signal and down-samples
it to recover the data stream transmitted by the second device
110.

In some examples a transmitter may send signals to two or
more receivers at the same time. The transmitted signal travel
through multiple propagation paths to each receiver. Because
the receivers are positioned at different locations, the multi-
path signals travel through different propagation paths to
reach the receivers, different multipath signals will be
received at different receivers. By carefully constructing the
waveform of the signal sent from the transmitter, it is possible
to allow each receiver to receive data intended for the receiver
with sufficiently high quality.

Referring to FIG. 3, the first device 108 may communicate
with the second device 110 and a third device 140. The second
device 110 sends a probe signal that travels through propaga-
tion paths 112,114, and 116 to the first device 108. The probe
signal can be, e.g., a pulse signal, a signal that has a prede-
termined waveform, or a signal that includes symbols. The
first device 108 records the received waveform, and deter-
mines channel and timing information for the first multipath
channel. The third device 110 sends a probe signal that travels
through propagation paths 142, 144, and 146 to the first
device 108. The first device 108 records the received wave-
form, and determines channel and timing information for the
second multipath channel.

The first device 108 constructs a downlink signal that
includes a first portion that is intended to be received by the
second device 110 after the downlink signal propagates
through the first multipath channel (including propagation
paths 112, 114, and 116). The first portion is determined
based on a first time-reversed multipath channel response,
and is designed such that, after propagating through the first
multipath channel, the signal received by the second device
110 includes first timing information and a first payload. The
first timing information enables the second device 110 to
accurately determine the beginning of'the first payload, which
includes data intended for the second device 110.

The downlink signal includes a second portion that is
intended to be received by the third device 140 after the
downlink signal propagates through the second multipath
channel (including propagation paths 142,144, and 146). The
second portion is determined based on a second time-reversed
multipath channel response, and is designed such that, after
propagating through the second multipath channel, the signal
received by the third device 140 includes second timing infor-
mation and a second payload. The second timing information
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enables the third device 140 to accurately determine the
beginning of the second payload, which includes data
intended for the third device 140.

In the example of FIG. 3, the first device 108 may use either
an omnidirectional antenna or a directional antenna for
broadcasting the downlink signal, as long as the downlink
signal reaches each of the second and third devices 110 and
140 through multiple propagation paths.

In some examples, a multiple input multiple output
(MIMO) system may be used in which the device operating as
a transmitter has multiple transmit antennas, and each of the
devices operating as a receiver has multiple receive antennas.

System Architecture

A time-reversal division multiple access architecture has
two parts, the downlink part and the uplink part. In a time-
reversal division multiple access downlink system, a base
station (BS) transmits multiple data streams to several users
simultaneously, in which each user is associated with a
unique multi-path profile in rich-scattering environments.
The time-reversal division multiple access downlink scheme
exploits the spatial degrees of freedom of the environment
and focuses the useful signal power mostly at the intended
locations. Time reversal mirrors (TRMs) at the base station
first time-reverse the channel response of each user’s channel
as the user’s signature waveform, and then embed these sig-
natures into the corresponding data streams. The transmitted
signal from the base station in the time-reversal division
multiple access downlink is a mixed signal that includes the
data intended to be sent to several users (including different
data intended for different users). When the combined signal
propagates to a certain user through the corresponding mul-
tipath channel, a large number of multi-paths having identical
phases will automatically resonate at this user’s location,
resulting in the spatial focusing of the power of the useful
signal component that carries this user’s data.

Within the time-reversal division multiple access frame-
work, more sophisticated signature waveforms than the basic
time-reversal waveform can be derived based on the multi-
path channel responses to further improve the performance of
the time-reversal division multiple access downlink system,
when additional computational complexity is affordable at
the base station. One desirable feature of the time-reversal
division multiple access downlink scheme is that most of the
complexity in communication can be shitted to the base sta-
tion side, facilitating low complexity in communication com-
ponents at the end-users.

A time-reversal division multiple access uplink scheme
can be implemented in which the terminal devices have low
complexity communication components. The time-reversal
division multiple access uplink scheme shares a strong dual-
ity in the mathematical structure with the downlink without
increasing the complexity of the end-users. A virtual spatial
focusing effect can be observed in the user’s signature
domain at the base station. Similar to that of the downlink
scheme, the virtual spatial focusing effect enables the base
station to use the user’s time-reversal signature waveform to
extract the useful component from the combined received
signals, allowing multiple users accessing the base station
simultaneously. Additionally, unlike many other conven-
tional communications paradigms that adopt symmetric
architectures, the uplink scheme shares the same processing
power and channel knowledge at the base station with the
downlink, allowing the end-user’s communication compo-
nent to have a low complexity.

Referring to FIG. 4, an exemplary multi-user time reversal
communication system 150 includes a base station (BS) 152
and multiple terminal devices (e.g., 154a, 1545, 154c¢, collec-
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tively 154). Each of the terminal devices 154 is associated
with a multi-path wireless channel (e.g., 156a, 1565, 156¢,
collectively 156) between itself and the base station 152. Each
multi-path wireless channel 156 in the figure represents two
or more multiple signal propagation paths between the cor-
responding terminal and the base station. In some implemen-
tations, all the devices (including the base station 152 and the
terminals 154) can operate at the same frequency band, and
the system operates in multi-path environments. For the
downlink, the base station 152 can send multiple messages
(either independent or non-independent) simultaneously to
multiple selected terminals 154. For the uplink, multiple ter-
minals 154 can send their own messages to the base station
152 simultaneously.

After each terminal device 154 registers with the base
station 152, hand-shaking occurs periodically between the
base station 152 and each of the registered terminal devices
154 so that the base station 152 can maintain up-to-date
records of the channel responses associated with the terminal
devices 154. The hand-shaking also enables the base station
152 and the terminal devices 154 to obtain accurate timing
information.

Referring to FIG. 5, in general, in a time reversal commu-
nication system, communication between a first device and a
second device occurs in two phases: the channel probing
phase 170 and the data transmission phase 172. In the descrip-
tion below, when two devices are performing time reversal
wireless communication, the device that sends payload data is
referred to as the “transmitter” and the device that receives
payload data is referred to as the “receiver,” even though
during the channel probing phase the “receiver” may send a
channel probing signal to the “transmitter.”

In the channel probing phase 170, the receiver first sends a
channel probing signal 174 that propagates through a scatter-
ing and multi-path environment, and the signals are received
by the transmitter. The transmitter estimates the channel
response (CR). In the data transmission phase 172, the trans-
mitter transmits the time-reversed channel response with use-
ful information back through the same channel to the receiver.
Due to channel reciprocity, the wave is focused at the receiver
ata particular time instant. The receiver simply samples at the
focusing time instant to obtain the useful information.

During the channel probing phase, the transmitter needs to
obtain channel information that is sufficiently accurate in
order to realize the focusing effects. In the data transmission
phase, the receiver needs to obtain sufficiently accurate tim-
ing information in order to synchronize and sample the signal
at the correct time. The process of obtaining channel infor-
mation in the channel probing phase and getting synchro-
nized in the data transmission phase is referred to as time
reversal handshaking.

The time reversal communication system 150 has many
advantages. The system 150 leverages the multi-path channel
as a matched filter, i.e., harvesting energy from the scattering
environment, it is highly energy efficient. Moreover, because
the receiver only needs to sample at the particular time instant
without sophisticated processing to obtain the useful infor-
mation, the receiver is easy to implement, i.e., the computa-
tional complexity at the receiver can be low. The advantages
mentioned above depend on having adequate knowledge
about the overall system at both the transmitter and the
receiver, e.g., the channel information and time information.
Such information needs to be obtained in the channel probing
phase and the data transmission phase of the time reversal
communication system.

Referring to FIG. 6, in some implementations, during the
channel probing phase, a terminal device, e.g., 154a, gener-
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ates a channel probing signal 180 and performs radio fre-
quency modulation 182 to produce a radio frequency signal
that propagates through the associated multi-path channel
186 to the base station 152. The base station 152 receives the
transmitted radio frequency signal, performs radio frequency
demodulation 184 to recover the unique channel response
(waveform) 186 and records it. Upon receiving the channel
response 186 associated with the terminal 1544, the base
station 152 calculates a signature waveform 188 for the ter-
minal 154a based on its channel response received at the base
station 152. The term “channel probing signal” depending on
context may refer to the probe signal before radio frequency
modulation or the signal after applying the radio frequency
modulation.

The purpose of the channel probing phase is to help the
transmitter (which, in the example of FIGS. 4 and 6, is the
base station 152) estimate the unknown channel response. To
achieve this purpose, the transmitter needs to first synchro-
nize with the channel probing signal by countering the mul-
tipath effect without the knowledge of channel information.
The general channel probing signal includes two parts: pre-
amble and possible confirmation bits. At the transmitter side,
the transmitter synchronizes with the channel probing signal
by extracting the underlying features of the preamble that are
not corrupted by the multipath fading. The confirmation bits
are then used to further validate the synchronization. Once the
synchronization is achieved, the next step for the transmitter
is to extract the channel response from the received signal by
using the information in the channel probing signal.

The handshaking in the data transmission phase is to assist
the receiver to sample at the right time instant, i.e., to achieve
symbol synchronization as perfectly as possible. Different
from the channel probing phase where the channel informa-
tion is unknown, in the data transmission phase, we have the
channel information that is pre-estimated in the channel prob-
ing phase. In such a case, we can take advantage of the unique
focusing effect of the time reversal system by using the esti-
mated channel response. The handshaking in the data trans-
mission phase achieves synchronization by using the esti-
mated channel response obtained in the channel probing
phase.

The following describes two examples of handshaking
methods for the channel probing phase. The first method uses
pulse position modulation, whereas the second method cal-
culates the correlation of a pseudorandom sequence. One
example of correlation-based handshaking method for the
data transmission phase will be described.

Least Square (L.S) Based Channel Probing Handshaking

The following describes a least square (LS) based hand-
shaking method for the channel probing phase. In this
method, the receiver sends the handshaking signal to the
transmitter. The transmitter synchronizes with the received
signal and estimates the channel response based on the
received signal.

Referring to FIG. 7, in some implementations, a frame of a
channel probing signal 190 transmitted by the receiver
includes four consecutive parts: a preamble 192, a barker
code 194, a payload 196, and a training sequence 198. The
length of each frame is fixed in this method and known by
both the transmitter and the receiver. In some examples, the
receiver may send two or more frames of channel probing
signals to the transmitter during the channel probing phase to
allow the transmitter to obtain more accurate channel and
timing information. In some implementations, the accuracy
of timing can be improved by increasing the length of the
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preamble 192 and Barker code 194, and the accuracy of
channel information can be improved by increasing the length
of' the training sequence 198.

The preamble 192 is modulated using pulse position modu-
lation (PPM). The pulse position modulation symbols ‘0* and
‘1’ are shown in FIG. 8. The preamble 192 includes consecu-
tive pulse position modulation symbol 0’s in which L is the
length of the multipath channel that is defined by

where T, is the delay spread and 9, is the sampling period of
the system. In practice, even though the channel length is not
exactly known, the transmitter can estimate the channel
length based on the typical delay spread of the environment
and the sampling rate of the system. In this method, the
performance will not be affected if the estimated channel
length is longer than the actual channel length. Therefore, the
transmitter can overestimate the channel length and set L to
be greater than the actual channel length without generating
an error.

The barker code 194 transmitted by the receiver is a code
known by both the transmitter and the receiver. The length of
the barker code 194 is L.

The payload 196 transmitted by the receiver can be
encoded information that is modulated using pulse position
modulation. The information may contain the index of the
training sequence 198. The length of the payload 196 is L,,.

Referring to FIG. 9, the training sequence 198 has three
consecutive parts, including a guard interval A 200, an effec-
tive training sequence (ETS) 202, and a guard interval B 204.
In some examples, the guard interval A 200 is a sequence of
‘0’ bits having a length L ,, the effective training sequence 202
is a sequence of ‘0’ and ‘1’ bits having a length L., and the
guard interval B 204 is a sequence of ‘0’ bits having a length
Lz in which Lg=L..

The channel probing signal transmitted from the receiver
passes through the multipath channel and reaches the trans-
mitter. The received signal is a convolution of the channel
probing signal and the channel response, contaminated by
noise. The transmitter will use the received signal to estimate
the channel response.

Referring to FIG. 10, upon receiving the channel probing
signal, the transmitter determines a synchronization index
using sliding window energy detection on the preamble 192
of'the channel probing signal. A graph 210 shows an example
signal received at the transmitter. The sliding window energy
detection method using a moving window 212 having a win-
dow size L=l +L, in which 1, is the length of a PPM symbol.
We define E; as the average energy accumulated by the win-
dow starting from the i—th, (i+L, )-th, (i+2L )-th, ..., and
(i+(y-1)L, )-thsample, in which y is the number of averaging
windows, i €{0, 1,2,...,L ~1}. The synchronization index
i, is the index i that maximizes the E,, which can be written as
follows: i,=argmax, E,. Here, the index i corresponds to the
i-th sample in the received signal. After the synchronization
index i, is determined, the other indices are determined using
the synchronization index i, as reference.

Referring to FIG. 11, after obtaining the synchronization
index i, the transmitter starts to detect the barker code 194 to
confirm the synchronization. The transmitter demodulates a
portion of the received signal from the index i.+ml.,, to the
index i+ml, +L,-1, and compares the demodulated signal
portion with a pre-stored barker code sequence, in which L, is
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the length of the barker code 194, m €{0, 1, . . . N} with N
being a search range set by the user. In some examples, N is
set to be greater than the number of pulse position modulation
symbols in the preamble. Once the demodulated signal
matches the pre-stored barker code, the transmitter is assured
that the receiver is in the channel probing phase, and the
payload and the training sequence will follow the barker code
in the received signal. Moreover, the transmitter knows that
the matching index i+mL,, is the position in the received
signal where the barker code 194 begins, and the index
ig+ml, +L,—1 is the position where the barker code 194 ends.
This information enables the transmitter to obtain informa-
tion for estimating the channel response.

Because the payload 196 follows the barker code 194, the
transmitter assumes that the payload 196 begins at the index
ig+ml +L,. Because the payload has a fixed length L, the
transmitter demodulates the portion of the received channel
probing signal from index i,+ml., +L, to index i +mL +L,+
L1, and decodes the demodulated portion to obtain the
index q of the training sequence. Here, the index q does not
refer to the g-th sample in the received signal. Rather, there is
a set of two or more training sequences that is known to both
the receiver and the transmitter, and the receiver can choose
from any training sequence in the set. The index q indicates
which one in the set of training sequences is selected by the
receiver.

The transmitter assumes that the training sequence starts at
index i+mL, +L,+L ; of the received signal, and will use the
portion of the received signal from index i+mL +L,+L , to
indexi+mL +L,+L +L~1 to estimate the channel response,
in which =L _+L. Let u denote the fraction of the received
signal from index i +mL, +L,+L, to index i +mL, +L,+L +
L,-1. The transmitter converts u to the estimated channel
response using a conversion matrix C,, that corresponds to the
index q obtained from the payload. This conversion can be
written as:

CR =Cgu.

where CR is the estimated channel response.
The conversion matrix C, can be constructed by the train-
ing sequence s, used by the receiver as follows:

—rpry—1lgv
CAID'T

where T is the Toeplitz matrix generated by s , which is the
effective training sequence used by the receiver. The first
column of the matrix T is s,,=[s,; 0], in which O is the vector
composed of L zeros. Referring to FIG. 12, the first row of the
Toeplitz matrix T 220 is composed of all zeros except for the
first element taken from s .. The matrix T 220 has dimensions
¢, xc, in which ¢, =L +L and ¢ =L +t+L. The parameter T is
a compensation factor that needs to be greater than the maxi-
mum of synchronization mismatch in the previous step, i.e.,
the difference between the index in the received signal where
the training sequence starts and index i +mL, +L, L, which
is the beginning of the training sequence 198 detected by the
transmitter.

FIG. 13 shows an example synchronization mismatch his-
togram for 1000 realizations with SNR=0 dB and channel
length [.=200. The mismatch amount is small compared with
the channel length and can be bounded by some specific
value. Since larger T takes up more system resource, the value
of T can be chosen as small as possible that can still bound the
synchronization error.

It can be seen from CR =C,u and the dimension of the
conversion matrix C, that the estimated channel response has
a size larger than L, which is the size of the actual channel
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response. The reason why a longer channel response is esti-
mated is that, due to the synchronization error, the estimated
channel response is a shifted version of the real channel
response. Estimating a longer channel response ensures that
the effective channel response will be included in the estima-
tion such that no significant tap is lost, which is important to
the time reversal system that uses the multi-path channel as a
matched filter to focus transmitted waveforms at the receiving
device.

When the effective training sequence is specifically cho-
sen, the channel response can be estimated more easily with-
out using the conversion matrix C,. For example, if the effec-
tive training sequence is a train of impulses separated by D in
which Dzl then the channel response can be simply esti-
mated by averaging the windows of size D in the received
signal. Let v, denote the fraction of the received signal from
index i+ml, +1,+L +1D to index i +mL +L,+L +iD+D-1,
then the estimated channel response can be written as

K
e Vi
R = ZO: K+1

where K=(L_+L)/D is the number of windows. In some
examples, if L _+L is large enough, K is large enough to
provide sufficient accuracy for the estimated channel

response CR.

Correlation Based Channel Probing Handshaking

The following describes a correlation based handshaking
method for the channel probing phase. In this method, a single
sequence is used for the purpose of both time synchronization
and channel response estimation.

Thereceiver transmits a pseudo random (PN) sequence x to
the transmitter through the multipath channel. The sequence
X can be, e.g., a train of discrete random variables having
probability mass function (pmf) shown in the equation below:

1 with probality 0.5
X = . . ,

—1 with probality 0.5
i=1,2,...N

The autocorrelation function of the pseudo random sequence
x is defined in the following equation:

=

-1
ry(m) = x(D)x(i + m)

B

I
=3

One important feature of a pseudo random code used here
is that the autocorrelation function of a long pseudo random
code tends to be a delta function. For example, referring to
FIG. 14, considering the autocorrelation function of a pseudo
random code having a length of 1000, the autocorrelation
function has a very high value at m=0 while being signifi-
cantly suppressed at other places.

In the following description, several notations are used:

L: the length of channel response;

N: the length of pseudo random code; and

a.: the parameter related to the threshold for channel prob-
ing.

The received signal y is the convolution result of the
pseudo random code x and channel h, as shown in the follow-
ing equation
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y(n) = A(Dx(n - §).

L
i=0
The cross correlation function r,,(m) defined in the equa-

tion below is equivalent to the convolution of autocorrelation
of the pseudo random code x and the channel h.

x(Dy(i+n) = A (n—1)

i

ry(n) =

N
i=0

L
=0

The following describes an algorithm for synchronization
by correlation. The transmitter computes the cross correlation
r,,(m), and finds its maximum amplitude

COIT,, g =max|r, (m)]
Based on corr,, ., the transmitter finds the synchronization
index i; of the received signal y as follows

i=1;

s

WHILE I7,,,(i)| <0XCOIT,, 4

ISl

The parameter a can be selected by experiments, and range
from O to 1. For example, according to an ultra wide band
channel model used in the simulation, the parameter a is
chosen to be around 0.2. After obtaining the index i, the
estimated channel response h can be determined by truncat-
ing the cross correlation function r, (m) as follows:

h=r (i ig+L-1)

Data Transmission Handshaking

The following describes a handshaking method for the data
transmission phase. As discussed above, in the channel prob-
ing phase, the purpose of handshaking is to allow the trans-
mitter to obtain the estimated channel response. In the data
transmission phase, due to the spatial and time focusing effect
of the time-reversal system, the receiver needs to sample the
received signal at the right time instant to obtain the correct
information. The receiver can use a correlation based method
to synchronize to the correct time index, referred to as SYN-
CID.

Referring to FIG. 15, in the data transmission phase, the
transmitter sends a time reversal packet, which includes both
pseudo random code 242 and data bits 244, in which the
pseudo random code is used for synchronization. The receiver
becomes synchronized to the packet by implementing the
correlation method on the pseudo random code.

Referring to FIG. 16, in the data transmission phase, the
packet to be transmitted by the transmitter is first convolved
with the time-reversal waveform g (also referred to as the
signature waveform associated with the receiver) to generate
a transmit signal 246, which is then passed through the chan-
nel h. The equivalent channel is denoted as h,, which is the
convolution of § and h.

Lety denote the received signal at the receiver and x denote
the transmitted pseudo random code at the transmitter. The
following describes steps for achieving synchronization.

Compute the cross correlation of received signal y and the
pseudo random code x.
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ra(n) = ) XY+ n)

N
i=0

Find the index SYNCID based on the maximum of r,,, (n)
SYNCID=argmax;|r,,(i)|

The receiver samples the remainder of the received signal
y at index SYNCID+kD in which k=1, 2, . . . to obtain the
information transmitted by the transmitter. D is the backoff
factor of the time reversal system.

Numerical Results

Referring to FIGS. 17 to 19, three instances of the esti-
mated channel response determined using the least square
based method are compared with the actual channel response.
The length of the guard interval A (L,) and the parameter T
are both chosen to be L.

FIG. 17 shows an example in which there is no synchroni-
zation error, i.e., the transmitter uses the received signal just
from the beginning of the training sequence. An arrow 250
indicates the location where the transmitter is synchronized
(i.e., the location where the transmitter considers to be the
beginning of the training sequence). A graph 252 shows the
actual channel response. A graph 254 shows the estimated
channel response. In this case, the effective channel response
is at the center of the estimated channel response.

FIG. 18 shows an example in which the transmitter is
synchronized ahead of the training sequence. The arrow 260
indicates the location where the transmitter is synchronized
(i.e., the location where the transmitter considers to be the
beginning of the training sequence). A graph 262 shows the
actual channel response. A graph 264 shows the estimated
channel response. In this case, the effective channel response
is shifted to the rear of the estimated channel response.

FIG. 19 shows an example in which the transmitter is
synchronized after the training sequence. The arrow 270 indi-
cates the location where the transmitter is synchronized (i.e.,
the location where the transmitter considers to be the begin-
ning of the training sequence). In this case, the effective
channel response is shifted to the front of the estimated chan-
nel response. In the three examples shown in FIGS. 17 to 19,
the effective channel response is preserved in the estimated
channel response.

Referring to FIG. 20, a graph 280 shows a waveform for a
real part of an actual channel response, and a graph 282 shows
a waveform for an imaginary part of the actual channel
response. A graph 284 shows a waveform for a real part of an
estimated channel response, and a graph 282 shows a wave-
form for an imaginary part of the estimated channel response.
The estimated channel response is determined using the cor-
relation method described above. A comparison of the real
part waveforms in graphs 280 and 284, and a comparison of
the imaginary part waveforms in graphs 282 and 286 indicate
that the estimated channel response determined using the
correlation method preserves the information of the actual
channel response.

Referring to FIG. 21, a graph 290 shows the bit error rate
(BER) performances of the time reversal communication sys-
tem with and without waveform design (WD) using the real
channel response and estimated channel response. Waveform
design techniques are intended to increase the signal-to-in-
terference-and-noise ratios by carefully allocating power for
different downlink signals. Waveform design is described in
U.S. patent application Ser. No. 13/706,342, titled “WAVE-
FORM DESIGN FOR TIME-REVERSAL SYSTEMS,” and
filed on Dec. 5, 2012, herein incorporated by reference.
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A curve 292 shows the bit error rate performance of the
time reversal communication system with actual channel
impulse response, in which waveform design techniques are
not used.

A curve 294 shows the bit error rate performance of the
time reversal communication system with channel impulse
response estimated using the correlation method, in which
waveform design techniques are not used.

A curve 296 shows the bit error rate performance of the
time reversal communication system with channel impulse
response estimated using the least square method, in which
waveform design techniques are not used. The closeness of
the curves 292, 294, and 296 indicate that the correlation
method and the least square method provide good bit error
rate performances that are comparable to the system that uses
actual channel impulse response when waveform design tech-
niques are not used.

A curve 298 shows the bit error rate performance of the
time reversal communication system with actual channel
impulse response, in which waveform design techniques are
used.

A curve 300 shows the bit error rate performance of the
time reversal communication system with channel impulse
response estimated using the correlation method, in which
waveform design techniques are used.

A curve 302 shows the bit error rate performance of the
time reversal communication system with channel impulse
response estimated using the least square method, in which
waveform design techniques are used. The closeness of the
curves 298, 300, and 302 indicate that the correlation method
and the least square method also provide good bit error rate
performances that are comparable to the system that uses the
actual channel impulse response when waveform design tech-
niques are used.

Referring to FIG. 22, a graph 310 shows the histogram of
mismatch for synchronization using the correlation method in
the data transmission phase. In this example, the pseudo
random code length N=60 and the signal-to-noise ratio
SNR=0 dB. The graph 310 shows that the synchronization is
very accurate for 10,000 cases, even though the pseudo ran-
dom code length N=60 is relatively short.

FIG. 23 is a flow diagram of a process 320 for time-reversal
wireless communication using a handshaking procedure to
provide accurate timing synchronization between devices.
For example, the process 320 can be implemented by the base
station 152 of FIG. 4. The process 320 includes at a first
device, receiving a handshake signal transmitted from a sec-
ond device through multiple propagation paths, the hand-
shake signal including a preamble and a training sequence,
the training sequence including a sequence of symbols known
to the first and second devices (322). For example, the first
device can be the base station 152, and the second device can
be the terminal 154.

The process 320 includes determining a synchronization
index based on the preamble (324), and identifying the train-
ing sequence in the handshake signal based on the synchro-
nization index (326). For example, the preamble can be the
preamble 192 of FIG. 7, the synchronization index can be the
synchronization index i, described above, and the training
sequence can be the training sequence 198.

The process 320 includes determining a channel response
signal based on the received training sequence (328), gener-
ating a signature waveform that is a time-reversed signal of
the channel response signal (330), and generating a transmis-
sion signal based on transmit data and the signature wave-
form, the transmit data being data configured to be transmit-
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ted to the second device (332). For example, the signature
waveform can be the signature waveform g(t) 188 shown in
FIG. 6.

FIG. 24 is a flow diagram of a process 340 for time-reversal
wireless communication using a handshaking procedure to
provide accurate timing synchronization between devices.
For example, the process 320 can be implemented by the base
station 152 of FIG. 4. The process 320 includes at a first
device, receiving a handshake signal transmitted from a sec-
ond device through multiple propagation paths, the hand-
shake signal including a sequence of codes known to the first
and second devices (342). For example, the first device can be
the base station 152, and the second device can be the terminal
154.

The process 340 includes performing cross correlation
operations on the known sequence of codes and the received
handshake signal to determine cross correlation values (344),
and determining synchronization index based on the cross
correlation values (346). For example, the cross correlation
values can be the cross correlation r,, (m) and the synchroni-
zation index can be the synchronization index i, described
above.

The process 340 includes determining a channel response
signal based on the synchronization index and the cross cor-
relation values (348), generating a signature waveform that is
a time-reversed signal of the channel response signal (350),
and generating a transmission signal based on transmit data
and the signature waveform, the transmit data being data
intended to be transmitted to the second device (352). For
example, the channel response can be the channel response h
described above, and the signature waveform can be the sig-
nature waveform g(t) 188 shown in FIG. 6.

FIG. 25 is a flow diagram of a process 360 for time-reversal
wireless communication between devices. For example, the
process 360 can be implemented by the base station 152 of
FIG. 4. The process 360 includes at a first device, receiving a
signal transmitted from a second device through multiple
propagation paths, the received signal including a received
version of a sequence of codes and data, the sequence of codes
being known to both the first and second devices (362). For
example, the first device can be the base station 152, and the
second device can be the terminal 154.

The process 360 includes performing cross correlation
operations on a known version of the sequence of codes and
the received version of the sequence of codes to determine
cross correlation values (364), determining a synchronization
index based on the cross correlation values (366), and iden-
tifying the data within the received signal based on the syn-
chronization index (368). For example, the cross correlation
values can be the cross correlation r,, (m) and the synchroni-
zation index can be the synchronization index i, described
above.

FIG. 26 is a flow diagram of a process 370 for time-reversal
wireless communication between devices. For example, the
process 370 can be implemented by the base station 152 and
the terminal device 154 of FIG. 4. The process 370 includes at
a first device, receiving a probe signal from a second device,
the probe signal including first information and second infor-
mation, the first information enabling the first device to deter-
mine a first synchronization index to identify the second
information within the probe signal, the second information
enabling the first device to determine a multipath channel
response (372). For example, the first device can be the base
station 152, the second device can be the terminal 154, and the
first synchronization index can be the synchronization index
i, described above.
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The process 370 includes generating a signature waveform
based on a time-reversed signal of the multipath channel
response (374). For example, the signature waveform can be
the signature waveform g shown in FIG. 16.

The process 370 includes at the first device, applying the
signature waveform to third information and fourth informa-
tion to generate a transmit signal, and transmitting the trans-
mit signal to the second device through multiple propagation
paths (376). For example, the third information can be the
pseudo random code 242 (FIG. 15), the fourth information
can be the data bits 244, and the transmit signal can be the
transmit signal 246.

The process 370 includes at the second device, receiving
the transmit signal, determining a second synchronization
index based on the third information, and identifying the
fourth information within the received transmit signal based
on the second synchronization index (378). For example, the
second synchronization index can be the index SYNCID
described above.

In some implementations, a device may have a first com-
munication module that uses time-reversal division multiple
access technology and a second communication module that
uses another communications protocol, such as Wi-Fi or
Bluetooth. The device may switch between different commu-
nication modes based on predetermined criteria. For
example, a group of drones may communicate among one
another using Wi-Fi when flying in outdoor wide open areas
where reflected signals are weak, and switch to time-reversal
division multiple access technology when flying indoors or in
areas with dense buildings where reflected signals are strong.
For example, the drones may use time-reversal division mul-
tiple access technology when flying below a threshold speed
so that the positions of the drones are relatively stable
between hand-shakes. When the drones fly above the thresh-
old speed, the drones may move considerable distances dur-
ing the time period between hand-shakes such that the signa-
ture waveforms obtained during the hand-shaking process
may not be appropriate when the actual data is transmitted a
short time period later. The drones may switch to using Wi-Fi
or Bluetooth when flying above the threshold speed. For
example, the drones may use time-reversal division multiple
access technology when the required data transmission rate is
below a threshold, such as when transmitting positioning or
status data. The drones may switch to Wi-Fi or Bluetooth
when the required data transmission rate is above the thresh-
old, such as when transmitting imaging or video data.

In some implementations, the waveforms sent from the
base station 152 to the terminals 154 can be designed to
optimize sum rate by suppressing inter-symbol interference
and inter-user interference, as described in U.S. patent appli-
cation Ser. No. 13/706,342, filed on Dec. 5, 2012, titled
“Waveform Design for Time-Reversal Systems,” herein
incorporated by reference in its entirety. For example, the
base station 152 may receive channel response signals
derived from probe signals sent from terminal devices 154, in
which each probe signal is sent from one of the terminal
devices 154 to the base station 152 through multiple propa-
gation paths. The probe signals may be sent during the chan-
nel probing phase 170 (FIG. 5). The base station 152 may
determine downlink waveforms for the terminal devices 154
to increase a weighted sum-rate under a total power con-
straint, in which the downlink waveforms are determined
based on time-reversed channel response signals and initial
virtual uplink power allocation coefficients. The base station
152 may determine updated virtual uplink power allocation
coefficients based on the downlink waveforms, and determine
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downlink power allocation coefficients based on the down-
link waveforms and the virtual uplink power allocation coef-
ficients.

The base station 152 may determine virtual uplink signal-
to-interference-and-noise ratios (SINRs) based on the virtual
uplink power allocation coefficients, and determine the
downlink power allocation coefficients based on the virtual
uplink SINRs. The virtual uplink SINRs may take into
account both inter-symbol interference (ISI) and inter-user
interference (IUI). Increasing the weighted sum-rate may
also reduce a combination of the inter-symbol interference
and the inter-user interference. The base station 152 may
transmit a downlink signal derived from a combination of'the
downlink waveforms and take into account the downlink
power allocation coefficients, in which the downlink signal is
transmitted to each of the terminal devices 154 through mul-
tiple propagation paths. The downlink signal can be config-
ured to enable each terminal device 154 to receive multipath
signals that can be used determine a data signal intended for
the terminal device 154, in which different terminal devices
154 receive the downlink signal through different propaga-
tion paths and determine different data signals, and in which
the downlink signal is configured to reduce inter-symbol
interference (ISI) and inter-user interference (IUI) for the data
signals determined at the terminal devices 154. The base
station 152 may determine the downlink waveforms and the
virtual uplink power allocation coefficients by iteratively
determining updated downlink waveforms based on previ-
ously determined virtual uplink power allocation coefficients,
and determining updated virtual uplink power allocation
coefficients based on previously determined downlink wave-
forms. The base station 152 may determine downlink wave-
forms by determining downlink waveforms to maximize the
weighted sum-rate under the total power constraint. The base
station 152 may determine downlink waveforms by determin-
ing minimum mean squared error (MMSE) waveforms.

In some implementations, the complexities of the base
station 152 and the terminal devices 154 are asymmetric, such
that the base station 152 performs most of the signal process-
ing as both a transmitter (for the downlink) and receiver (for
the uplink), allowing the use of low complexity terminal
devices 154, as described in U.S. patent application Ser. No.
13/969,271, filed on Aug. 16, 2013, titled “Time-Reversal
Wireless Systems Having Asymmetric Architecture,” herein
incorporated by reference in its entirety.

In some implementations, the multi-user time reversal
communication system 150 can use a two-dimensional par-
allel interference cancellation scheme to enhance the system
performance, as described in U.S. patent application Ser. No.
13/969,320, filed on Aug. 16, 2013, titled “Multiuser Time-
Reversal Divisional Multiple Access Uplink System with
Parallel Interference Cancellation,” herein incorporated by
reference in its entirety. The two-dimensional parallel inter-
ference cancellation scheme uses tentative decisions of
detected symbols to effectively cancel the interference in both
the time dimension (inter-symbol interference) and the user
dimension (inter-user interference), which significantly
improves the bit-error-rate performance to achieve a high
signal-to-noise-ratio. To further improve the bit error rate
performance, a multi-stage processing can be implemented
by cascading multiple stages of the proposed two-dimen-
sional interference cancellation, with a total delay that
increases linearly with the number of stages, but independent
of the number of users.

In some implementations, the hand-shaking between the
base station 152 and the terminal devices 154 may be per-
formed dynamically depending on various criteria. For
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example, if the base station 152 and the terminal devices 154
are stationary, the hand-shaking may occur less frequently,
and if the base station 152 and/or the terminal devices 154 are
moving, the time period between hand-shaking may depend
on the speed of movement. For example, the terminal device
154 may provide information to the base station 152 about
what type of device the terminal device 154 is, such as
whether it is a device that is typically fixed in place (e.g., a
refrigerator) or will move around (e.g., a cell phone). For
terminal devices that move, the terminal devices may provide
information about the speed of movement to the base station
during the hand-shaking process. The hand-shaking between
the base station and fast-moving terminal devices may occur
more frequently, whereas the hand-shaking between the base
station and slow-moving terminal devices may occur less
frequently. The base station may have a table that records
information about the speed of movement of the terminal
devices, in which the information in the table is used to
determine the time period between hand-shaking with the
terminal devices. In some examples, terminal devices can be
assigned a category, and the time periods between hand-
shaking may be different for different categories. For
example, the base station and the terminal devices may follow
protocol in which each terminal device is assigned one of
several categories, and each category is assigned a time
period between hand-shaking. For example, a first category of
devices can be primarily stationary (e.g., a refrigerator), and
the hand-shaking between the base station and the first cat-
egory of devices may occur every nl milliseconds. A second
category of devices can be fast-moving (e.g., vehicles or
drones), and the hand-shaking between the base station and
second category of devices may occur every n2 milliseconds,
in which n2<nl.

For example, the hand-shaking between the base station
152 and the terminal devices 154 may be performed dynami-
cally depending on information about an environment of the
base station and the terminal devices. Changes in the envi-
ronment may affect the wireless communication channels.
For example, the channel between two stationary devices in
an airport terminal may change frequently because of move-
ments of people, luggage, and carts in the terminal. A motion
sensor may monitor the environment and the information on
the amount of movements in the environment may be pro-
vided to the base station 152.

For example, the base station may store information about
the category of the environment, such as whether the envi-
ronment is a conference room, a residence, a school class-
room, a hallway, a mall, a grocery store, an airport terminal, or
a train station. Different types of environments may be
assigned different handshaking intervals. For example, the
base station may store information about how the environ-
ment changes throughout the day, week, or month. Within a
home, there may be more activity during the morning and
evening, so the handshaking process may be performed more
frequently. During the hours where there are fewer move-
ments in the house, the handshaking process may be per-
formed less frequently. For example, an intelligent thermostat
in a house may have sensors that monitor movements within
the house in order to determine the appropriate temperature
level. The intelligent thermostat may send information about
movements in the house to the base station so that the base
station may use the information to determine the handshake
interval.

In some implementations, the base station 152 may deter-
mine the handshaking frequency by analyzing the channel
measured at the base station without using information on the
speed of movements of the base station and terminal devices,
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or information about the environment. For example, during a
first period of time, the base station may perform frequent
handshaking (in which the handshaking interval is short) and
determine the longest interval between handshaking for
which the channel remains relatively stable. The base station
may determine the channel response based on the training
sequence, and evaluate the stability of the channel based on
the similarity between channel responses. During a second
period of time, the base station performs handshaking based
on the longest interval (for which the channel remains rela-
tively stable) determined during the first period of time. Dur-
ing a third period of time, the base station performs frequent
handshaking and determines the longest interval (for which
the channel remains relatively stable) between handshaking
in which the channel remains relatively stable. During a
fourth period of time, the base station performs handshaking
based on the longest interval (for which the channel remains
relatively stable) determined during the third period of time,
and so forth. In some implementations, if the channel
response similarity between consecutive handshaking pro-
cesses is low, the system reverts back to a previous shorter
handshaking interval.

In some implementations, the base station 152 may deter-
mine the handshaking frequency based on a quality of service
measure, such as the bit error rate. The base station may start
with an initial handshaking interval, measure the error rate,
then either increase or decrease the handshaking interval to
identify the longest handshaking interval that provides an
acceptable bit error rate. The base station may perform tests
periodically to determine the longest handshaking interval
that provides a bit error rate below a predetermined threshold.

In some implementations, the base station 152 can be part
of'a mobile or stationary device. For example, the base station
152 can be implemented as part of a sensor module, a con-
troller, a mobile phone, a laptop computer, or an electronic
appliance that communicates wirelessly with multiple other
devices. For example, a mobile phone or a laptop computer
may communicate simultaneously with a television, a printer,
a thermometer, a radio, a refrigerator, a lighting control sys-
tem, and other devices using the techniques described above.

The base station 152 can include one or more processors
and one or more computer-readable mediums (e.g., RAM,
ROM, SDRAM, hard disk, optical disk, and flash memory).
The one or more processors can perform various calculations
described above. The calculations can also be implemented
using application-specific integrated circuits (ASICs). The
term “computer-readable medium” refers to a medium that
participates in providing instructions to a processor for execu-
tion, including without limitation, non-volatile media (e.g.,
optical or magnetic disks), and volatile media (e.g., memory)
and transmission media. Transmission media includes, with-
out limitation, coaxial cables, copper wire and fiber optics.

The features described above can be implemented advan-
tageously in one or more computer programs that are execut-
able on a programmable system including at least one pro-
grammable processor coupled to receive data and instructions
from, and to transmit data and instructions to, a data storage
system, at least one input device, and at least one output
device. A computer program is a set of instructions that can be
used, directly or indirectly, in a computer to perform a certain
activity or bring about a certain result. A computer program
can be written in any form of programming language (e.g., C,
Java), including compiled or interpreted languages, and it can
be deployed in any form, including as a stand-alone program
or as a module, component, subroutine, a browser-based web
application, or other unit suitable for use in a computing
environment.
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Suitable processors for the execution of a program of
instructions include, e.g., both general and special purpose
microprocessors, digital signal processors, and the sole pro-
cessor or one of multiple processors or cores, of any kind of
computer. Generally, a processor will receive instructions and
data from a read-only memory or a random access memory or
both. The essential elements of a computer are a processor for
executing instructions and one or more memories for storing
instructions and data. Generally, a computer will also include,
or be operatively coupled to communicate with, one or more
mass storage devices for storing data files; such devices
include magnetic disks, such as internal hard disks and
removable disks; magneto-optical disks; and optical disks.
Storage devices suitable for tangibly embodying computer
program instructions and data include all forms of non-vola-
tile memory, including by way of example semiconductor
memory devices, such as EPROM, EEPROM, and flash
memory devices; magnetic disks such as internal hard disks
and removable disks; magneto-optical disks; and CD-ROM
and DVD-ROM disks. The processor and the memory can be
supplemented by, or incorporated in, ASICs (application-
specific integrated circuits).

While this specification contains many specific implemen-
tation details, these should not be construed as limitations on
the scope of any inventions or of what may be claimed, but
rather as descriptions of features specific to particular
embodiments of particular inventions. Certain features that
are described in this specification in the context of separate
embodiments can also be implemented in combination in a
single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain circum-
stances, multitasking and parallel processing may be advan-
tageous. Moreover, the separation of various system compo-
nents in the embodiments described above should not be
understood as requiring such separation in all embodiments,
and it should be understood that the described program com-
ponents and systems can generally be integrated together in a
single software product or packaged into multiple software
products.

Thus, particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. In some cases, the actions recited in the
claims can be performed in a different order and still achieve
desirable results. In addition, the processes depicted in the
accompanying figures do not necessarily require the particu-
lar order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel
processing may be advantageous.

A number of implementations of the invention have been
described. Nevertheless, it will be understood that various
modifications can be made without departing from the spirit
and scope of the invention. For example, the frame structure
of the channel probing signal, the format for the preamble
192, barker code 194, payload 196, and the training sequence
198 can be different from those described above. The base
station 152 and terminal devices 154 can include more com-
ponents that are not shown in the figures. For example, stan-
dard components such as analog-to-digital converters, digi-
tal-to-analog converters, and power amplifiers have been
omitted from the figures.
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Accordingly, other embodiments are within the scope of
the following claims.

What is claimed is:

1. A method comprising:

at a first device, receiving a handshake signal transmitted
from a second device through multiple propagation
paths, the handshake signal including a preamble and a
training sequence, the training sequence including a
sequence of symbols known to the first and second
devices;

determining a synchronization index based on the pre-
amble;

identifying the training sequence in the handshake signal
based on the synchronization index;

determining a channel response signal based on the
received training sequence;

generating a signature waveform that is a time-reversed
signal of the channel response signal; and

generating a transmission signal based on transmit data and
the signature waveform, the transmit data being data
configured to be transmitted to the second device

in which determining a channel response comprises calcu-

lating £R =Cq u, in which LR represents an estimated
channel response, Cq represents a conversion matrix,
and u represents a portion of the received handshake
signal that is estimated to be the received training
sequence;

in which the conversion matrix Cq is determined by calcu-

lating Cq=(T' T)™* T in which T is a Toeplitz matrix
generated based on s,, which represents an effective
training sequence sent by the second device.

2. The method of claim 1 in which the handshake signal
comprises a first predetermined code.

3. The method of claim 2 in which the first predetermined
code comprises a barker code.

4. The method of claim 2 in which the handshake signal
comprises a second predetermined code that includes an
index for selecting the training sequence from among a list of
training sequences.

5. The method of claim 1 in which the preamble comprises
pulse signals.

6. The method of claim 1 in which determining a channel
response signal comprises determining a channel response
signal based on a conversion matrix and the training
sequence.

7. The method of claim 6 in which the conversion matrix is
constructed based on the training sequence sent by the second
device.

8. The method of claim 1 in which determining a channel
response signal comprises determining a channel response
signal based on a least square method.

9. The method of claim 1, comprising applying time win-
dows to the received training sequence and determining an
estimated channel response based on averaging the samples
in the time windows.

10. The method of claim 1, comprising applying time win-
dows to the received preamble to determine the synchroniza-
tion index.

11. The method of claim 1 in which the training sequence
comprises a first guard band, followed by an effective training
sequence, which is followed by a second guard band.

12. The method of claim 1 in which generating a signature
waveform comprises generating a signature waveform that is
atime-reversed conjugate signal of the channel response sig-
nal.
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13. A system comprising:
a first device comprising:
an input circuit configured to receive a handshake signal

transmitted wirelessly from a second device through

multiple propagation paths, the handshake signal

including a preamble and a training sequence, the

training sequence including a sequence of symbols

known to the first and second devices; and

a data processor configured to:

determine a synchronization index based on the pre-
amble;

identify the training sequence in the handshake signal
based on the synchronization index;

determine a channel response signal based on the
received training sequence;

generate a signature waveform that is a time-reversed
signal of the channel response signal; and

generate a transmission signal based on transmit data
and the signature waveform, the transmit data
being data configured to be transmitted to the sec-
ond device

in which the data processor is configured to determine

a channel response by calculating CR =Cq u, in

which CR represents an estimated channel
response, Cq represents a conversion matrix, and u
represents a portion of the received handshake sig-
nal that is estimated to be the received training
sequence;

in which the conversion matrix Cq is determined by
calculating Cq=(T'T)™" T" in which T is a Toeplitz
matrix generated based on s, which represents an
effective training sequence sent by the second
device.
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14. The apparatus of claim 13 in which the handshake
signal comprises a first predetermined code.

15. The apparatus of claim 14 in which the first predeter-
mined code comprises a barker code.

16. The apparatus of claim 14 in which the handshake
signal comprises a second predetermined code that includes
an index for selecting the training sequence from among a list
of training sequences.

17. The apparatus of claim 13 in which the preamble com-
prises pulse signals.

18. The apparatus of claim 13 in which the data processor
is configured to determine a channel response signal based on
a conversion matrix and the training sequence.

19. The apparatus of claim 18 in which the conversion
matrix is constructed based on the training sequence sent by
the second device.

20. The apparatus of claim 13 in which the data processor
is configured to determine a channel response signal based on
a least square method.

21. The apparatus of claim 13, in which the data processor
is configured to apply time windows to the received training
sequence and determine an estimated channel response based
on averaging the samples in the time windows.

22. The apparatus of claim 13, in which the data processor
is configured to apply time windows to the received preamble
to determine the synchronization index.

23. The apparatus of claim 13 in which the training
sequence comprises a first guard band, followed by an effec-
tive training sequence, which is followed by a second guard
band.

24. The apparatus of claim 13 in which the data processor
is configured to generate a signature waveform that is a time-
reversed conjugate signal of the channel response signal.

#* #* #* #* #*
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